Patho-epidemiological studies have shown that thyroid lymphoma (TL) develops in thyroid affected by chronic lymphocytic thyroiditis (CLTH). CLTH is categorized as an organ-specific autoimmune disease, in which activated B-lymphocytes secrete a number of autoantibodies. Because antigenic stimulation might be involved in the pathogenesis of TL, the variable region in heavy chain (V H ) genes was characterized in 13 cases with TL and 3 with CLTH. Clonal rearrangement of the V H gene was found in 11 cases of TL, and cloning study with sequencing of complimentarity determining region ( and 2.2% in our series from Japan.
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3) TL had attracted the attention of investigators because of its putative origin from active lymphoid cells in autoimmune thyroiditis, i.e., Hashimoto's thyroiditis or chronic lymphocytic thyroiditis (CLTH). 4) Lymphoid cell infiltration forming lymphoid follicles with hyperplastic germinal centers is a consistent finding in CLTH and this is frequently observed even in TL. Follow-up studies from Sweden 5) and Japan 6) confirmed an important role of CLTH in the development of TL: the frequency of TL is 67-80 times higher in patients with CLTH than in age-and sex-matched normal individuals. CLTH is categorized as an organ-specific autoimmune disease, in which activated B-lymphocytes from thyroid tissue of patients secrete a number of autoantibodies directed against thyroid antigens, such as thyroglobulin, thyroid-stimulating hormone (TSH) receptor, and iodine transporter. 7) Thus, antigen-selected proliferation of B-cells might take place in the lesional thyroid tissues of TL.
The diversity of lymphocytes depends on about 200 genes, which are called variable-region genes. The variable region of heavy chain consists of appoximately 100 V genes, 30 D genes, and 6 J genes, but only one of each kind is used to assemble the V-D-J coding sequence. In the course of antigen-specific immune response in the germinal centers, variable regions of the Ig heavy chain genes (V H ) are modified by somatic mutations, followed by affinity selection of the cells through antigen binding. Previous studies showed that somatic mutations are introduced into rearranged V H genes in the course of T cell-dependent immune reactions. 8, 9) There are three framework regions (FR) and two complementarity-determining regions (CDR) in the V H gene. Jacob et al. 8) reported that antigen-selected sequences tend to accumulate more mutations in the CDR than in the FR. Antigen-mediated mutation might lead to silent mutations in the FR and replacement mutations in the CDR. This antigen-dependent mutation pattern has been reported in follicle center cell lymphomas, 10) lowgrade MALT lymphomas, 11) and diffuse large B-cell lymphomas. 12) MALT lymphomas generally show a relatively low mutation frequency, about 4%, but follicular lymphoma and diffuse large B-cell lymphoma show high mutation frequency (10-12%) due to continuous accumulation of mutations by on-going hypermutation. 13) As antigen stimulation might be involved in the pathogenesis of TL, the DNA sequence of V H was characterized in 13 cases with TL and three with CLTH as a control in the present study.
MATERIALS AND METHODS
Cases Thirteen cases with TL and three with CLTH were selected for the current study: they were admitted with increasing goiter to the Kuma Hospital, Kobe, during the period 1995-98. There were 3 males and 10 females with ages ranging from 45 to 81 (median 68) years in TL. The CLTH patients were females with ages of 45, 56, and 70 years. They received open biopsy or hemithyroidectomy. Histologic specimens were fixed in 10% formalin and routinely processed for paraffin-embedding. Histologic sections, cut at 4 µm, were stained with hematoxylin and eosin and by means of immunoperoxidase procedures. Criteria for the diagnosis of CLTH included increased consistency of the thyroid gland, occasional hypothyrodism, high level of thyroid stimulating hormone, low 123 I-uptake, and the presence of antimicrosomal and/or antithyroglobulin antibodies in the serum. Histologic findings of CLTH included lymphocytic infiltration usually forming lymphoid follicles with germinal centers, varying degrees of fibrosis, and oxyphilic change or squamous metaplasia of epithelial cells of the thyroid follicles. Lymphomas were classified according to the revised European-American classification for lymphoid neoplasms (REAL). Immunohistochemical study on the paraffin sections was carried out using the avidin-biotin-peroxidase complex method: monoclonal antibodies used as primary antibody included L26 (CD20), CD3, UCHL-1 (CD45RO) and BCL-2 (DAKO, Glostrup, Denmark), MB-1 and MT-1 (CD43) (Bioscience, Emmenbrucke, Switzerland). All were B-cell lymphomas, and were classified as marginal zone lymphoma (MZL) in 5 cases, follicular center cell lymphoma (FCCL) in 4, and diffuse large B-cell lymphoma (DLBCL) in 4. Four cases of FCC showed a predominantly or partially nodular pattern of proliferation consisting of centroblastic and centrocytic cells, which was distinct from follicular colonization of MZL cells.
Parts of the specimens were snap-frozen at −180°C in liquid nitrogen, and stored at −80°C until use. Genomic DNA was extracted from the frozen specimens by means of the phenol-chloroform method. PCR amplification of V H genes Rearranged Ig V H genes were amplified from 100 ng of extracted DNA using six 5′ V H family-specific leader primers (V H 1, 5′-CCTCAGTG-AAGTTCCTGCAAGGC-3′; V H 2, 5′-GTCCTGCGCTG-GTGAAACCACACA-3′; V H 3, 5′-GGGGTCCCTGAGA-CTCTCCTGTGCAG-3′; V H 4, 5′-GACCCTGTCCCTCA-CCTGCCTGTC-3′; V H 5, 5′-AAAAAGCCCGGGGAGTC-TCTGAGA-3′; V H 6, 5′-ACCTGTGCCATCTCCGGGGA-CAGTG-3′) in combination with either of two 3′ heavy chain joining region primers (J H 1-5, 5′-GGTGACCAGG-GTCCTGGCCCCAG-3′; and J H 6, 5′-GGTGACCGTGGT-CCCTTGCCCCCAG-3′) as described by Kupper et al. 14) The reaction mixture (50 µl) contained 100 ng of genomic DNA, 0.2 mM of the appropriate primer pair, 0.25 mM of each deoxynucleotide triphosphate, 1× PCR buffer, and 0.6 U Ampli Taq Gold DNA polymerase (Perkin-Elmer Cetus, Norwalk, Connecticut). PCR conditions were as follows: 95°C for 10 min followed by 35 cycles of 95°C for 90 s, 61°C for 30 s, and 72°C for 80 s, and a final elongation at 72°C for 10 min for V H 1, 2, 5 and 6, and 95°C for 10 min followed by 31 cycles of 95°C for 90 s, 61°C for 30 s, and 72°C for 80 s, and a final elongation at 72°C for 10 min for V H 3 and 4. Cloning and sequencing of PCR products PCR products were electrophoresed on a 1.5% agarose gel, and stained with ethidium bromide. The single band was cut out, purified using QIAquick PCR Purification Kit (Qiagen, Valencia, CA), and cloned in pCR 2.1-TOPO (Invitrogen, Carlsbad, CA). The sequencing reaction was perfomed with the dideoxy chain termination method using an Ampli Taq FS Cycle Sequencing Kit (PerkinElmer Cetus) according to the manufacturer's protocol. Excess dye terminators were removed by ethanol precipitation. The precipitates were resolved in Template Suppression Reagent and analyzed with the ABI Prism 310 Genetic Analyser (both from Perkin-Elmer Cetus). Sequence analysis Analysis of sequences was performed using Wisconsin GCG software (Madison, WI) and the GenBank Database. Mutations in the variable region were identified by comparing the consensus sequence of each case with the published germlines. Analysis of somatic mutations of sequences was carried out according to the method described by Bahler et al. 15) A binomial mutation model was used to calculate the probability (P) that the observed replacement (R) mutations in the CDRs arise by chance.
RESULTS
Usage of V H family gene and homologous germline gene Genomic DNA isolated from 13 TL tissues and 3 CLTH tissues were analyzed for rearrangement of the Ig V H gene. PCR amplification of rearranged V H genes was performed with the use of twelve combinations of primers. Eleven of 13 TL tissues (85%) revealed a single band of about 350 bp length. These bands were obtained with only one of twelve combinations of primers, and were cut off, cloned, and sequenced. Ten to 15 clones per case were analyzed. Four (cases 1, 2, 3, and 4) of 11 cases had an identical CDR3 sequence in the major clones. The other 7 had the identical CDR3 sequence in only a few clones, indicating the presence of large numbers of mixed reactive lymphocytes. No bands were observed in the PCR products of the three CLTH cases.
Four TL cases (cases 1, 2, 3, and 4) showed sequences almost homologous with the corresponding germline genes published in the GenBank Database, i. e., V3-30, DP-74, 
16)
VH26, and V3-30, respectively ( Fig. 1 and Table I ). V H 3 family gene was used in three TL cases (cases 1, 3, and 4 ), but the predicted amino acid sequences of CDR3 were different among these cases (Table II) . Abnormal sequences which result in frameshift or a stop codon were not observed, indicating that these genes were functional. Mutation analysis of V H gene Homology of V H gene in 4 TL cases ranged from 79 to 99% (average 12%) (Table I) . Nucleotide differences between each case and the corresponding homologous germline are shown in Fig. 1 and summarized in Table III . Although the mutation frequency was different among cases, the observed frequencies were higher than expected in the CDRs and vice versa in FRs, except for case 3. The ratios of replacement:silent (R/S) mutation were larger in CDRs than in FRs in these three cases. Case 3 had only two mutations, one in FR1 and the other in FR3. As R/S values are influenced by the numbers of R and S mutations, the probability (P) of R mutation in CDRs was calculated according to the method described by Bahler et al. 14) The P values obtained from four TL cases ranged from 0.008 to 0.593. On-going mutation V H segment in all four cases showed intraclonal sequence heterogeneity, indicating on-going somatic mutation ( Fig. 1 and Table IV) . Case 1 had four minor clones; two R mutations and three S mutations in clones 6 and 7, one R mutation and three S mutations in clone 8, and two R mutations and one S mutation in clone 9. Case 2 had three minor clones; two R mutations in clones 6 and 7, and one R mutation in clone 8. Case 3 had two minor clones; two S mutations in clones 6, and one S mutation in clone 7. Case 4 had four minor clones; one R mutation and one S mutation in clones 7-9, and one S mutation in clone 10. As the frequency of the PCR error used in this study was one in 5000-10 000 nucleotides, the intraclonal sequence heterogeneity observed here might not be derived from PCR errors, but should reflect the existence of minor clones in the tumors.
DISCUSSION
Clonal rearrangement of the Ig heavy chain gene was found in 11 (85%) of 13 TL cases; all five of MZL, all four of FCCL, and two of four DLBCL. This frequency was identical to that reported previously for TL. 17) Cloning study with sequencing of the CDR3 region revealed the presence of a major clone in four (two MZL, one FCCL, and one DLBCL) of these cases, but a few minor clones in the remaining seven cases. The presence of a major clone in MALT lymphoma of stomach and salivary gland was reported to be 4 of 9 cases 8) and 15 of 20 cases, 9) respectively. This might be due to the admixture of a large number of reactive B-lymphocytes generated through CLTH.
TL is supposed to arise among active lymphoid cells in CLTH. This might suggest a need for antigen stimulation for the development of TL. Tumor growth seems to proceed in gastric mucosa-associated lymphoid tissue (MALT) lymphoma that develops regularly in association with Helicobacter pylori and requires tumor-infiltrating Tcells for growth by antigen triggering. 18, 19) These gastric MALT lymphomas showed biased usage of V H germline genes of DP-54 and DP-47. 20) Biased usage of V H germline genes of V1-69 was reported in the MALT lymphomas of salivary gland. 21) From the viewpoint of the cellular origin of TL among lymphoid cells in CLTH, the TL might share a common usage of V H gene. McIntosh et al. reported a biased usage of V H 3 and V H 4 genes with the homologous germline of VH26 in V H 3 gene in B-lymphocytes from CLTH lesions. 22, 23) Three of four TL in the current series used V H 3 gene with the homologous germline of V3-30 in two cases and VH26 in one case. Although V H 3 family gene is in general most frequently used not only in B-cell lymphomas, but also in normal peripheral blood lymphocytes, the probability of 0.01 for usage of VH26 suggested development of TL among active lymphoid cells in CLTH. Though V3-30 has not been reported from CLTH, the probability of 0.0012 for usage of V3-30 in two of four cases indicates biased usage of V H in TL.
Compared to the homologous germline, the mutation frequency of TL ranged from 1 to 21% with an average of 12%, which is comparable with that in gastric MALT lymphoma. 20) A case of follicular center cell lymphoma (case 3) showed only two mutations from the FR1 to FR3 regions. Although somatic mutations are known to accumulate in V H gene in follicular lymphoma, [24] [25] [26] minor nucleotide difference from the germline gene has been reported. 27) Both mutations in case 3 yield amino acid replacement, indicating on-going mutation.
Non-random distribution of replacement and silent mutations within V H gene segments found in our cases is reported to indicate that these V H genes are selected by antigen. 8) A review of the literature revealed only one case of TL in which sequences of V H gene had been analyzed 23) : it was reported that the corresponding homologous germline gene was V1-03 with 88.8% homology and the probability of R mutation in CDRs was not significantly low (P>0.05). 28) However, two cases (case 1 and 4) in our series had a statistically significantly low P value (P=0.034 and 0.008, respectively) for R mutation in CDRs. These findings suggest that antigen selectivity through the development of TL works in some cases of TL. The intraclonal mutations were most frequent in FR3. Nine of 20 mutations were replacement mutations, which indicates antigen-selected expansion of proliferating B-lymphocytes.
As shown in Fig. 1 and Table IV , all four cases with TL showed intraclonal heterogeneity in V H gene: the frequency of the occurrence of minor clones ranged from 29 to 44% per case. These findings indicate the presence of on-going mutation in cases of TL, i.e., the TL arise at the differentiation stage of germinal center B-cells, as revealed in gastric MALT lymphomas 20, 21) and salivary gland MALT lymphomas. 21) Taken together, DNA sequencing of immunoglobulin V H gene suggests that TL develops among activated lymphoid cells in CLTH at the germinal center stage under antigen selection. 
